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kilometers in the east-west direction) plasma-density modulations in the ]
bottomside F layer. The modulation, best described by wavelike altitude
variations in constant electron-density contours, appears to be imposed on j
the bottomside F layer around E-region sunset by a yet-to-be-identified source .
(although atmospheric gravity waves are a likely candidate). The amplifica- °
tion of the wavelike modulation, in the form of upwellings from the crests of
the modulation, is consistent with the amplification expected from the colli- i
sional Rayleigh-Taylor instability. Once the upwellings begin to grow in
altitude extent, the west walls become unstable via the gradient-drift insta- ;
bility, driven by an eastward neutral wind blowing through the walls of the
upwellings. The enhanced structuring of the west wall at low F-region alti- :
tudes is made possible by the presence of a velocity shear in eastward plasma :
drift.x That is, the velocity shear results in a larger relative ("slip'")
velocity between the plasma and neutral gas, a factor that directly determine
the growth rate of the gradient-drift instability. Because the slip velocity
is much larger than the equivalent gravity-driven velocity that determines
the growth rate of the collisional Rayleigh-Taylor instability, structuring
at low altitudes is dominated by the gradient-drift instability. In fact,
the west wall of an upwelling in the bottomside F layer can be likened to a
large barium ion cloud, which also structures via the wind-driven gradient-
drift instability. At high altitudes, however, structuring in plasma ''bubble
that develop upward from crests of upwellings is produced primarily by the
collisional Rayleigh-Taylor instability. Smaller-scale irregularities such
as those that produce radar backscatter are believed to be generated by drift
waves that grow from steep gradients associated with the walls of upwellings
and plasma bubbles, or with larger-scale irregularities.

T NN T ST I L

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)




- o e

~d

— - A -

S
o N

I ——

- - -

SECTION

II

III

v

LIST OF ILLUSTRAT

LIST OF TABLES .

INTRODUCTION . .

EXPERIMENTAL CONS
A,
B. ALTAIR Data

Description

RESULTS . . . .

A. 1977 ALTAIR
B. 1978 ALTAIR
C. 1979 ALTAIR
D. TRADEX Data
E. Evidence of

of

TABLE OF CONTENTS

IONS . . . ¢ o ¢ &

IDERATIONS . . . .
of ALTAIR and

Summary . « « o« o o

Data Analysis . . .
Data Analysis . . .
Data Anslysis . . .
Analysis . . . . .

a Velocity Shear in

1. Introduction ., . . « + . o

2
3. Results
4

. Experimental Considerations

DISCUSSION AND CONCLUSIONS . . . . .

REFERENCES . . .

APPENDIX

.

Byv._
Dictri:

Availon

Dist

A1

A S

A o .
HBvicb Lo

Cpeeinl

i

Sor

TRADEX Radars . .

Bulk Plasma
Motion Associated with the Post=-Sunset Rise

. Discussion and Conclusions .

PUBLICATIONS RELATING TO THE ALTAIR

the Equatorial F Layer . . « o« « « « o

s & & 8

PROJECT

13
14
16
18
20

21

21
23
24
31
34

41

45




Lt s e e e e el Ab A,

LIST OF ILLUSTRATIONS

FIGURE PAGE
1 Sequence of ALTAIR Backscatter Maps Used to Estimate
East-West Plasma Drift versus Altitude and Time . . . . 26
2 Eastward Plasma Drifts Derived from Figure 1 and
from Jicamarca Radar Measurements Plotted versus
Time - L] L] - - L] . - . L] . . L] . Ll - . L] L] L . . . - . Ll 28
3 F-Region Plasma Flow Pattern Inferred from the East-
West Plasma Drift Results in Figure 2 and from the
. Observed Vertical Plasma Motion . . & ¢ ¢ o ¢ o o « o & 30 i
4 Descriptive Model of Plasma Structuring in the :
Equatorial F Layer Produced by the Gradient-Drift :
and Collisional Rayleigh-Taylor Instabilities . . . . . 35
i
, |
< :
LIST OF TABLES :
TABLE PAGE
' 1 Radar System Characteristics . « « « o« o o o o o o o o o 8 i
2 ALTAIR Data SUMMATY o+ & o o o o o o o s o o o o o o o o 10

t,‘.
. 0a o

I ] e

-

¢ eew g e g

- g 7]

_h,_,ﬁr_
oy g

4 *




I INTRODUCTION

Equatorial spread-F (ESF) phenomena have received considerable at-
tention in recent years from both the defense and scientific communities.
The impetus for this interest in equatorial irregularities was the sur-
prising discovery that radio waves with frequencies in the gigahertz
range can scintillate significantly after traversal through a disturbed

equatorial ionosphere (Crampton and Sessions, 1971; Christiansen, 1971;

Craft and Westerlund, 1972). Because the current trend is to move satel-

lite communication channels upward in frequency from the lower UHF band
to the gigahertz range (where ionospheric effects were thought to be in-
nocuous), this discovery required serious reassessment of ionospheric
irregularity characteristics and their source mechanisms. Understanding
of the natural processes that produce the intense irregularities is also
requisite for extrapolation of these effects to communication systems

operating in a nuclear environment.

Extrapolation of systems effects produced by =quatorial irregulari=-
ties to the nuclear case is of particular interest to the Defense Nuclear
Agency (DNA) because the source mechanism that initiates ESF structure
is believed to be a direct analog of the gradient-drift instability, the
dominant source of scintillation-producing structure in a nuclear en-
vironment (e.g., Workman, 1977). Therefore, the attraction of ESF pheno-
mena from DNA's point of view is its direct relevance for predicting sys-
tems effects in a nuclear environment and for understanding nuclear

phenomenology.

In Summer 1977, DNA sponsored a rocket campaign conducted from the
Kwajalein Atoll, Marshall Islands, to investigate ESF phenomena. The
objective was to coordinate rocket in-situ measurements of ESF structure
with scintillation measurements using the DNA Wideband satellite (e.g.,
Rino et al,, 1980). ALTAIR, a backscatter radar located in the Kwajalein
Atoll, was utilized in that program as a monitor of ESF activity. ALTAIR
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was repeatedly scanned in the magnetic east-west direction to detect and
track regions of strong ESF backscatter into the rocket launch corridor.
The intent was to try to occult one of these strong, altitude~extended
backscatter regions (called "plumes'") with the Wideband satellite while
launching a rocket through the most disturbed region., A similar program

was attempted in 1978.

SRI International (SRI) provided backup support to the ALTAIR pro-
ject (Dr. D. M. Towle, MIT Lincoln Laboratory) during the 1977 and 1978
field programs through its involvement with the Wideband satellite pro-
ject. While acting in that capacity, we demonstrated (using 1977 ALTAIR
data) that incoherent-scatter (IS) returns were contained in ALTAIR back=
scatter measurements and that electron-density profiles were readily com-

puted from the recorded data (Tsunoda et al., 1978, 1979).1’2% With DNA's

approval, we conducted a set of experiments in 1978 (adjunct to the rocket
program) that were specifically designed to exploit the IS capability of
ALTAIR, The experiment was designed to measure the background F-layer

characteristics that were associated with the presence of ESF structure.

In 1979, a third DNA rocket campaign was conducted from the Kwajalein
Atoll, 1In this program the objective was modified from that in 1977 and
1978 so that strong ESF structure characteristics could be measured in~
situ by rockets, supported by ground-based experiments, without requiring
coordinated measurements with the Wideband satellite. The rockets were
decoupled from Wideband satellite passes in order to increase the number
of opportunities for a rocket launch into strong ESF activity. With the
decoupling of the rocket program from Wideband satellite passes, the
principal responsibility for detecting ESF activity fell on ALTAIR, (SRI
assumed ALTAIR project responsibility for this field program.) The ob=-
jectives were (1) to predict in real time the time of arrival of strong
backscatter plumes in the rocket launch corridor, and (2) to establish
a data base of ESF backscatter measurements and corresponding IS measure-

ments of the background F layer.

*
Superscripts correspond to numbered references listed in the Appendix.
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A major practical problem concerning rocket launch criteria based
on ALTAIR measurements (instead of scintillation measurements with the
Wideband satellite) was the spatial relationship of the intense, scintil-
lation-producing irregularities to the meter-scale, backscatter-producing
irregularities. Radar measurements had already indicated that ESF back-
scatter plumes were highly localized in east-west extent (e.g., Woodman
and LaHoz, 1976; Tsunoda et al., 1978,1 1979;° Towle, 1980). If they

were collocated, ALTAIR spatial maps .of backscatter distribution could

be used to locate strong scintillation-producing irregularity regions
into which the rockets could be launched. On the other hand, if they
were not spatiallv collocated, ALTAIR maps would be no more useful than

a general ESF activity monitor,

In preparation for the 1979 Kwajalein rocket campaign, analyses of
1977 and 1978 ALTAIR data were conducted (1) to determine the spatial
relationship of larger~scale ESF structure to radar backscatter, and (2)
to characterize the temporal evolution of ESF plumes. The results were

used as the basis for the 1979 rocket launch criteria.

In addition to ALTAIR, a second radar--TRADEX--was also operated in
support of the 1979 rocket program, The objective of this radar experi-
ment was to characterize the small-scale end of the spectrum of ZSF ir-
regularities. Until ALTAIR measurements of l-m and 36-cm ESF irregulari-
ties were made, the small-scale end of the ESF spectrum was believed to
terminate around 6 m, the ion gyroradius in the equatorial F layer

(Woodman and Basu, 1978). Backscatter observations at 1320 MHz with

TRADEX were intended to extend the detected spectrum of irregularity

scale sizes down to 11 cm.

In this final report, we summarize the results derived from the
analyses of ALTAIR and TRADEX data obtained during the three Kwajalein
rocket campaigns. Details of these results have already been published
as DNA topical reports, which are listed in the Appendix. Results of
the most recent data analysis (concerning the role of velocity shear in
plasma flow on ESF generation), which have not appeared as a topical re-

port, are discussed in detail in Section III-E,
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The remainder of the report is divided into three sections. In Sec=-
tion II, we describe the ALTAIR and TRADEX radars, the operational modes
used, and the data collected during the three rocket campaigns. The re-
sults are summarized in chronological order in Section III, and are dis-
cussed in Section IV, The discussion consists of an interpretation of
the results obtained thus far in terms of a descriptive model of ESF

structure development. A key conclusion is that ESF phenomena represent

a versatile means of investigating certain nuclear phenomenology questions.
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IT EXPERIMENTAL CONSIDERATIONS

A, Description of the ALTAIR and TRADEX Radars

The Kwajalein radar complex includes the ALTAIR (ARPA Long-Range

il g

Tracking And Instrumentation Bgdar) and TRADEX (Target Resolution And

Discrimination Experiments) radars; both are located on Roi~Namur Island
in the Kwajalein Atoll, Marshall Islands (9.4°N, 167.5°E, geographic
coordinates). Both radars are part of a U.S. Army sponsored research
program to study the physical interaction between a vehicle in ballistic
flight and its natural environment, with particular emphasis on reentry.
The radars, however, have also been utilized in the DNA~-sponsored field
experiments on equatorial spread-F studies because of their unique capa-
bilities and favorable geographic location. (The magnetic dip latitude
of the Kwajalein radar complex is 4,3°N, well within the zone character-

ized by equatorial spread-F phenomena.)

ALTAIR is a highly sensitive, dual-frequency radar that operates
simultaneously at 155.5 MHz (VHF) and 415 MHz (UHF). The radar utilizes
a fully steerable 45.7~-m (150-ft) paraboloid antenna. Its full steera-
bility has been shown to be extremely useful in the investigation of
equatorial spread-F phenomena (see Section III). ALTAIR has been shown
to be sensitive enough for incoherent-scatter measurements at both fre-

| quencies (Tsunoda et al., 1978,% 1979;° Towle, 1980), Other pertinent

ALTAIR radar characteristics are listed in Table 1. Further details of

ALTAIR are given in Tsunoda et al. (1978, 1979)'»° and Towle (1980).

ALTAIR has a variety of waveforms that could be used; however, the

T vae,

pulsewidths listed in Table 1 are those most commonly used for both
incoherent-scatter and semicoherent scatter measurements, The more re-
cently developed waveforms that are useful for ionospheric studies in-
clude a 238-us pulsewidth at VHF, and double-pulse (or pulse-pair) wave=-
forms at both VHF and UHF. These waveforms were utilized for the first

; time in ionospheric backscatter experiments during the 1980 experiments.
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Table 1

RADAR SYSTEM CHARACTERISTICS

ALTAIR
Characteristics VHF UHF TRADEX

Frequency, MHz 155.5 415 1320
Peak power, MW 10 20 4
Pulsewidth, us 30 40 40/1.7 (chirp)
Antenna

Diameter, m (£ft) 45,7 (150) 45.7 (150) 25.6 (84)

Beamwidth, deg 2.8 1.1 0.65

Gain, dB 34,7 42,4 48,5

Effective aperture, m 820 722 283

Temperature, K 992 785 622

Polarization LC/RC LC/RC LC/RC

Other available waveforms have much shorter pulsewidths than those listed,
and are intended primarily for satellite track-and-identification studies.
Waveforms with 37-m range resolution have been employed, however, for a
limited amount of equatorial spread-F backscatter measurements (Huba et
al., 1978) as well as for total electron content measurements by using
the differential group delay between VHF and UHF to satellites of oppor=-
a,a

tunity (Tsunoda and Towle, 1979). Amplitude scintillation measurements

have also been made using these short waveforms, again by skin-tracking

satellites of opportunity.

The standard mode of ALTAIR operation was an east-west scan made

with the radar beam directed perpendicularly with the geomagnetic field

at Feregion altitudes. (The scan plane can be visualized as being ori=-
ented approximately in the geomagnetic east-west direction, where Magnetic
North is at 8.5°E true azimuth, and tilted about 9° north of vertical.)
This field-perpendicular scan was used to map the spatial distribution

of ESF backscatter regions., Maps of this kind, taken sequentially, could
then be used to determine the dynamics and time evolution of these back-

scatter regions,
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In 1977, the field-perpendicular scan consisted of 21 discrete
positions covering an angular sector of 45°, and taking about 6 minutes
to complete the scan. In 1978, the scan was expanded to 25 steps cover-
ing a 72° angular sector with a scan time of about 8 minutes. In 1979
and 1980, the field-perpendicular scan was modified into a continuous
scan with variable angular sector coverage and scan rates. The maximum

sector coverage was 120°,

Other ALTAIR scan modes included latitude scans (or elevation scans
in the magnetic meridian) and off-perpendicular scans. Both of these
scans were implemented in 1978 for incoherent-scatter measurements of
the background F-region plasma. In 1978, both scan modes were executed
manually, in discrete steps with selected dwell times at each position,
In 1979 and 1980, continuous scans were implemented for these modes,
These scans were particularly useful in detecting and characterizing

plasma bubbles.

TRADEX is also a highly sensitive, dual-frequency radar. It operates
simultaneously at 1320 MHz (L band) and 2350.8 MHz (S band); however,
only tiie L-band chaunnel is useful for incoherent-scatter and ionospheric
backscatter measurements., This radar is located within a few hundred
meters of ALTAIR and utilizes a fully steerable 25.6-m (84-ft) paraboloid
antenna. Other pertinent TRADEX parameters are listed in Table 1. Thus
far, TRADEX has been used only to detect backscatter from equatorial
field-aligned irregularities (Tsunoda, 1980).° 1In its present configura-
tion, TRADEX is not sensitive enough for incoherent-scatter measurements
because of the extremely short pulsewidth and a high system noise tempera-

ture (see Table 1).

B. ALTAIR Data Summary

The ALTAIR data are summarized in Table 2. The day number, date,
and start and end times (UT) are listed for each night of radar operation.
A qualitative ESF activity index is also given in the righthand column.

The letter A indicates an active night during which two or more strong

backscatter plumes that extend well into the topside F layer were




Table 2

ALTAIR DATA SUMMARY

1977
Day | Date, UT | Start Time, UT | End Time, UT | Activity Index
225 8/13 1151 1228 Q
229 8/17 1017 1215
230 8/18 0837 1219 Q
232 8/20 0818 1231 M
233 8/21 0821 1232 Q
235 8/23 0830 1227 M
238 8/26 0929 1248 A

{
1978

Day Date, UT | Start Time, UT End Time, UT | Activity Index

210 7/29 0817 1236 A

| 212 7/31 0827 1235 A
213 8/1 0953 1244 A

) 215 8/3 0818 1217 Q
< 218 8/6 0905 1050 Q
220 8/8 0816 1211 A

L 223 8/11 0818 1228 A
N 225 8/13 1004 1120 A
>~ 230 8/18 0738 1315 A
231 8/19 0730 1256 Q




Table 2 (Concluded)

1979
*

Day | Date, Ul | Start Time, UT | End Time, UT | Activity Index
195 7/14 0725 1040 Q

198 7/17 0742 1320 A

199 7/18 0715 1040 Q

200 7/19 0730 1050 Q

203 7/22 0715 1040 A

204 7/23 0728 1120 M

205 7/24 0720 1210 A

1980

Day Date, UT Start Time, UT End Time, UT Activity Index
183 7/1 0818 1227 A

184 7/2 0714 1229 A

185 7/3 0711 1231 A

186 7/4 0736 1227 A

190 7/8 0710 1233 A

191 7/9 0705 1404 A

192 7/10 0705 1214 M

193 7/11 0728 1218 M
%

Q = Quiet.

M = Moderate.

A = Active.




observed, The letter M indicates a moderately disturbed night during
which plumes were observed, but were not very strong in backscatter
strength nor as extended in height as those observed on A nights, This
second category also includes nights when one strong backscatter plume
was observed but was preceded or followed by quiet or moderate activity.
The letter Q indicates a quiet night during which plumes were not ob=~

served, although bottomside backscatter might have been observed.

The accumulated data base may be described as follows. Without
accounting for periods of no data such as radar outages imposed radio=-
frequency silence during the arming of the rockets, ALTAIR was operated
for 23 hours on 7 nights in 1977, for 36 hours on 10 nights in 1978, for
27 hours on 7 nights in 1979, and for 41 hours on 8 nights in 1980,
(Analysis of the 1980 data set was not within the scope of this contract.)
Scanning the list of activity indices, we find that ESF activity was
considerably weaker in 1977 than in following years. The increase in

ESF activity, particularly during 1980, is believed to be associated

with solar activity.
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IIT RESULTS

The results, summarized in this section, are presented in five
parts, The first three subsections include results obtained from analy=-
sis of ALTAIR data collected from 1977 through 1979, The order of pre-~
sentation is chronological, so that the reader can follow naturally our
growth in understanding of ESF phenomena. As will become evident below,
attention was originally centered on backscatter plumes (the most dra=-
matic features in ALTAIR backscatter maps) and their spatial relation-
ship to plasma bubbles (the most dramatic features found in satellite
in-situ measurements). The focus of research on plumes and bubbles was
also motivated by the fact that the collisional Rayleigh-Taylor insta-
bility, believed to be the source mechanism for bubble generation, is
the gravitational analog of the gradient-drift instability; hence, the
striations associated with bubbles must be analogous to those that form
in a nuclear environment, During the course of research, it became evi-
dent (Section I1I-B) that the west wall of upwellings in the bottomside
F layer was being structured via the gradient-drift instability, driven
by an eastward neutral wind. This process is shown in this section to
be the "seed" mechanism that initiates the development of bubbles and

plumes.
In the fourth subsection, we summarize results from the 1979 TRADEX

radar experiment in which we sought to extend the small-scale end of the

o fluctuation spectrum for equatorial irregularities,

<

.

’ .

. - In the fifth and final section, we present a detailed analysis of
p ALTAIR data which revealed the presence of a velocity shear (with alti-
} a tude) in east-west plasma drift. It is this velocity shear that enhances
! .

; : the effectiveness of the gradient-drift instability.
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A, 1977 ALTAIR Data Analysis

The 1977 ALTAIR data were first analyzed (under the Wideband project)
to investigate the feasibility of extracting incoherent-scatter (IS) in-
formation out &f ALTAIR backscatter datua. Analysis of data collected in
directions perpendicular and off-perpendicular to the geomagnetic field
lines showed that IS returns were indeed measurable with ALTAIR (Tsunoda
et al., 1978, 1979).'**  An important result of this analysis was the
demonstration that backscatter measurements made with the radar beam di-
rected perpendicularly to the geomagnetic field lines could also be used
to measure the background F-layer electron density in the absence of ESF
backscatter., Therefore, data recorded from field-perpendicular scans,
in the absence of ESF backscatter, could b2 used to construct spatial
maps of the background F layer. Furthermore, because of the patchy (i.e.,
spatially isolated) nature of ESF backscatter, estimates of background

electron density could be made even during ESF activity.

The backscatter strength of ESF irregularities obtained at 155.5 MHz
(VHF) and 415 MHz (UHF) with ALTAIR (and calibrated in terms of IS re=-
turns) was compared to that obtained with the Jicamarca 50-MHz radar
(Woodman and LaHoz, 1976; Woodman and Basu, 1978). We found that ESF
backscatter strength at 50 MHz is comparable to that obtained with ALTAIR

at 155.5 MHz, That is, both radars observe maximum ESF backscatter
strengths that are around 50 dB above IS, for an electron density of 106
ol/cm3. Considering that the wavelength dependence between the VHF and
UHF returns obtained with ALTAIR can be reprcsented by a power-law
spectral index of 2.3, we would expect backscatter at 50 MHz to be 11 dB
stronger than that at 155.5 MHz., [Sce Tsunoda et al. (1978, 1979)1’2

for other details.]

At the time these results were obtained, little was known about
the source mechanism for small-scale ESF irregularitics--i,e., those
with spatial wavelengths comparable to and less than the ion gyroradius
(5.6 m for O+ ions at a temperature of 1000 K). A reasonable scenario
secmed to involve structuring at very large spatial scale sizes (up to a

few hundred kilometers), followed by a cascade-like development of

14




smaller-scale structure produced by a hierarchy of plasma instabilities
(e.g., Haerendel, 1973). A viable candidate for the initial structuring
at the larger spatial scales was the collisional Rayleigh-Taylor insta-

bility (e.g., Scannapieco and Ossakow, 1976), At the small-scale end of

the spectrum, Huba et al. (1978) proposed a plasma instability that in-
volved high-frequency drift waves., The free energy for this instability
was attributed to steep electron-density gradients associated with the

walls of bubbles or large-scale irregularities.

At present, there is no known linear instability that can account

for the 3-m structure that produces backscatter at 50 MHz (e.g., Huba

mgm—

and Ossakow, 1979). Rayleigh-Taylor and gradient-drift instabilities
can produce structure with spatial scales approaching the ion gyroradius.
At the small-scale end of the spatial fluctuation spectrum, the high-
frequency drift-wave instability can account for spatial scales around
the electron gyroradius and up to about 1 m. These results suggest that
the weaker-than-expected backscatter at 50 MHz (in comparison to ALTAIR
backscatter (Tsunoda et al., 1978, 1979)*»° and to that expected from

scintillation measurements (Woodman and Basu, 1978) is a consequence of

the absence of a linear driver. The implication is that structure with
a spatial wavelength around 3 m is produced by nonlinear coupling pro-

cesses.,

The first problem addressed under this contract was the spatial
relationship between ALTAIR backscatter plumes and plasma bubbles. Wood-
man and Basu (1978) proposed that plumes, observed in their case with
the Jicamarca radar, were tracers for the plasma bubbles that occurred

in the nighttime equatorial F layer (e.g., Hanson and Sanatani, 1973).

The first definitive result was obtained by comparing the east-west

variations in total electron content (TEC) with the east-west locations

of backscatter plumes (Tsunoda and Towle, 1979).%s* [Inferences relating

the two equatorial features had been made earlier (Tsunoda et al., 1978,

1979)},® by noting that plasma depletions did not seem to occur in regions
between ESF backscatter where IS measurements were made.] By skin-tracking
an east-west orbiting satellite at two frequencies (155.5 and 415 MHz),
we were able to interpret the temporal variations in differential group

delay as longitudinal variations in TEC. Plumes and depletions in TEC
15
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were shown to be longitudinally collocated, This result was the first

experimental evidence relating the two equatorial features.

B. 1978 ALTAIR Data Analysis

Pursuit of the spatial relationship between plumes and bubbles was
continued in 1978 using IS measurements made with ALTAIR. Backscatter
plumes were first detected and mapped spatially with a field-perpendicular
scan, Five antenna beam positions were then selected (in real time) that
intersected the geomagnetic field lines containing the strongest back-
scatter plume, but at off=-perpendicular angles. Subsequent analysis of
these data sets showed that backscatter plumes were indeed collocated
with large depletions in F-layer plasma-density profiles (Tsunoda, 1980).°
Thus, spatial collocation of plumes and bubbles inferred earlier using

)8 &

range-integrated TEC measurements (Tsunoda and Towle, 1979 was shown

to hold in both dimensions transverse to the geomagnetic field (Tsunoda,

1980).° Similar examples were also presented by Towle (1980).

Although general collocation occurred between plumes and bubbles,
we also found that maximum backscatter strength appeared to be associated
with the upper wall of bubbles (Tsunoda, 1980).%5° A similar tendency
was found by Towle (1980). The spatial coincidence of strongest back-
scatter with the upper wall of bubbles is consistent with bubble develop-

ment via the collisional Rayleigh-Taylor instability. Ossakow and Cha-

turvedi (1978) showed that bubbles driven by the Rayleigh-Taylor insta-

bility will steepen along its upper wall as they move upward through the
F layer. The steep gradients along the upper walls presumably drive the
high-frequency drift waves (Huba et al., 1978) that produce ALTAIR back-

scatter,

The fact that plumes are highly elongated (in altitude) structures
that extend from the bottomside into the topside F layer suggests that
bubbles are more like wedges than cylinders. That is, the plasma-
depleted regions also are probably highly elongated in altitude and per=-
haps open-ended in the bottomside F layer. Numerical simulations of the

collisional Rayleigh-Taylor instability (e.g., Zalesak and Ossakow, 1980)
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predict the development of highly elongated bubbles. An alternative
for plume interpretation is that the rising bubble is cylindrical in
shape but leaves a wake of plasma-density irregularities behind it that

scatters radio waves (Kelley and Ott, 1978). The results presented in

Tsunoda (1980)° and other unpublished ALTAIR results suggest that the

bubbles are elongated plasma-depleted regions. As will become evident
later in this report, a source of structuring within the bubble along

the side walls is an eastward neutral wind.

Incoherent-scatter measurements were also made to verify that plasma
bubbles were actually depleted geomagnetic flux tubes (Tsunoda, 1980).°
The description of bubbles usually assumes implicitly that they extend
along geomagnetic field lines. This assumption is based more on theore-
tical grounds than on direct observational evidence. Using ALTAIR data
collected in an elevation (or latitude) scan mode, we showed that a
plasma bubble (up to 907 depleted) mapped along geomagnetic field lines

over more than 10° of magnetic dip latitude.

While attempting to establish the spatial relationship of plumes

and bubbles, both 1977 and 1978 ALTAIR data were also examined to charac-
terize the temporal evolution of backscatter plumes (Tsunoda, 1980,
1981).79*° The terporal characterization (possible only with a steerable
radar such as ALTAIR) was undertaken in order to be able to better pre-
dict plume behavior during the 1979 Kwajalein campaign. We found that
individual plumes could be characterized by two phases--growth and decay.
The two phases were distinguished by the time at which the upward growth
velocity of plumes decreased, accompanied by a stabilization or decay in

backscatter strength.

The key features found during the growth phase are: (1) plumes are
generated primarily in the local time sector around F-layer sunset; (2)
plumes develop where bottomside backscatter is locally elevated in alti-
tude (i.e., altitude modulation or an upwelling in _lectron-density con-
tours) rather than where bottomside backscatter is horizontally strati-
fied; and (3) bottomside backscatter is often asymmetric in the east-
west direction, with stronger backscatter occurring on the west wall of

the upwelling. To account for these growth-phase characteristics, we
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proposed a model (Tsunoda, 1980, 1981)75*° in which (1) the electron
density is modulated by some means (e.g., atmospheric gravity waves)
with bottomside backscatter acting as tracers for the resultant shape
of constant electron-density contours, (2) there is an eastward neutral
wind in the reference frame of the F-layer plasma drift, and (3) the
steepening and structuring of plasma is initiated on the west wall of
these upwellings via the gradient-drift instability (e.g., Linson and
Workman, 1970) and with contributions from the collisional Rayleigh-
Taylor instability at higher altitudes., Because the Rayleigh-Taylor
instability is nothing more than the gradient-drift instability with a
gravitational force term, the basic source mechanisms is a generalized

gradient-drift instability.

C. 1979 ALTAIR Data Analysis

Focus for the analysis of 1979 ALTAIR data was placed on the measure-
ments made during the mights of the two successful rocket launches,
called PLUMEX I and II. The PLUMEX I rocket (launched on 17 July at
1231:30 UT) passed along the west side of a decaying (but still strong)
backscatter plume before penetrating it just below rocket apogee. The
PLUMEX II rocket (launched on 24 July at 0957:30 UT) passed along the

east side of another strong backscatter plume but did not penetrate it,

The collocation of strongest ALTAIR backscatter with the upper wall
of a plasma-depleted region, first shown in Tsunoda (1980),°°® was con-

firmed by the PLUMEX I rocket measurements (Szuszczewicz et al,, 1980;

Kelley et al., 1981).°5>'® In the data set presented by Tsunoda (1980)%:2

and the one presented by Szuszczewicz et al. (1980)° the plumes were

tilted west of vertical. 1If we assume that the plumes represent tracers
for plasma-depleted regions, the assumed upper wall of the plasma "bubble"
is actually the east wall of a wedge-shaped plasma-depleted region. This
relationship was not clear in the data set presented by Tsunoda (1980)°
because the IS measurements were made near the top of the plume where

the bubble is expected to be located. In the PLUMEX I case, the rocket
intersected the plume at a lower altitude, thus providing evidence that

the plasma-depleted region is perhaps wedge-shaped and that structure is
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associated with the east wall of the wedge. Zalesak et al. (1980) showed

that the east wall would structure via the collisional Rayleigh-Taylor

instability because there is a component of gravity directed antiparallel

to the plasma-density gradient. This behavior is expected to dominate
at high altitudes where the wind-driven gradient-drift instability is

negligible compared to the gravity-driven Rayleigh-Taylor instability.

Evidence was found in the PLUMEX I and II rocket measurements that
intense scintillation-producing irregularities are embedded in the west
wall of the associated upwelling in the bottomside F layer. The most
convincing results were those by Rino et al. (1981).12 They showed that
scintillations (measured by radio beacon transmissions from the PLUMEX I
rocket) maximized in that region. In-situ probe measurements during the
PLUMEX II rocket flight indicated that very little scintillation-
producing structure was embedded in the east wall of the upwelling.
These results are consistent with the structuring of the west wall (but
not the east wall) of the upwelling by the gradient-drift instability

driven by an eastward neutral wind.

Besides providing diagnostic support for the rocket measurements,

ALTAIR data were analyzed to seek further verification for the plume

7,10

generation model proposed by Tsunoda (1981). Using IS weasurements

made during extended east-west scans with ALTAIR, we showed that wavelike

modulation in plasma density occurs in the bottomside F layer prior to

onset of ESF backscatter (Tsunoda and white, 1980, 1981).'7  Plumes were

shown to grow from upwellings that developed from the crests of the
wavelike modulation. Structuring was found to develop first along the

west wall of each upwelling, as predicted by the plume generation model.

The requirement in the model (Tsunoda, 1980, 1981)7°*° for an east-
ward neutral wind in the reference frame of the F-region plasma was be=-
lieved to be satisfied by an F-region dynamo operating in the nighttime
equatorial ionosphere (Rishbeth, 1971). But the velocity difference be-
tween the neutral gas and the plasma (i.e., the "slip" velocity) was not
expected to be more than a few tens of meters per second because of
close coupling of the F-region plasma to the neutral gas. Consequently,

the structuring of the west wall of an upwelling was expected, but the
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process was not expected to overwhelm the structuring pattern produced

by the collisional Rayleigh-Taylor instability.

The discovery that a velocity shear (with altitude) in east-west
plasma drift exists in the nighttime F layer (see Section III-E) has re-
sulted in the enhancement of importance of the wind~-driven gradient-drift
instability in the equatorial ionosphere. That is, the velocity shear
appears to produce a large slip velocity at low altitudes such that the
rate of structuring in the west wall of an upwelling by the gradient-drift
instability dominates the rate of structuring by the collisional Rayleigh-
Taylor instability. Therefore, the west wall of an upwelling can be
thought of as the 'backside" (i.e., unstable region) of a large barium

ion cloud.

D. TRADEX Data Analysis

As described above, ALTAIR was operated in support of the DNA rocket

program to locate and track backscatter plumes into the rocket launch cor=-
{ ridor, 1In 1979, the rockets were to be launched into these strong back-
» scatter plumes. Yet very little was really known about the relationship
of ALTAIR backscatter (i.e., l-m and 36-cm irregularities) to larger-
scale irregularities such as plasma bubbles and those that produce scin-
tillations. Prior to ALTAIR observations, equatorial irregularities were
believed to cut off around the ion gyroradius (5.6 m for O+ ions at

1000 K). Since then, Huba et al. (1978) showed that high-frequency drift

< waves could produce the observed ALTAIR backscatter. The instability
‘ model predicted maximum irregularity growth rate near kre ~ 1 (where k
f.; is the wavenumber, and r, is the electron gyroradius) and in plasma-
{. depleted regions. Structure with this spatial wavelength would backe-
;; scatter radio waves at 725 MHz.

In order to further characterize the irregularity scale-size regime
~ Ay below the ion gyroradius, the TRADEX radar was operated during Summer
Py 1979 in conjunction with the ALTAIR radar. The objective of the experi=-
ment was to detect backscatter from ll-cm irregularities with TRADEX,
and if backscatter was detected, to determine the wavelength dependence

of backscatter by comparing TRADEX measurements with those by ALTAIR.
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Backscatter was detected with TRADEX (Tsunoda, 1980).° The strong-
est returns observed were approximately 32 dB above IS levels (for an
electron density of lO6 el/cm3). In comparison, the maximum backscatter
strength typically observed at VHF (155.5 MHz) with ALTAIR is about
50 dB above IS levels. Therefore, backscatter from ll-cm irregularities

is only about 20 dB below that observed for le-m irregularities.

For a more quantitative analysis, we computed the backscatter volume
reflectivity from measurements made simultaneously by ALTAIR and TRADEX
(Tsunoda, 1980).° We found that the wavelength dependence varied from

2.3 between VHF and UHF (415 MHz), to Xl'3 between UHF and L band (1320

A
MHz). Although more data must be analyzed to confirm this preliminary
result, the flattening of the fluctuation spectrum between UHF and L
band is consistent with the high-frequency-drift-waves theory, which

predicts strongest backscatter around 725 MHz.

E, Evidence of a Velocity Shear in Bulk Plasma Motion
Associated with the Post-Sunset Rise of the
Equatorial F Layer

1. Introduction

Until recently, little attention has been given to the possi-
bility that the electrodynamics of the equatorial F layer might depend
on altitude. Bulk F-layer plasma motion has in the past been attributed
solely to the E-region dynamo driven by tidal neutral winds (e.g., see
Rishbeth, 1977, for review). Any large-scale electric field that is set
up in the E region is communicated to the equatorial F layer along
geomagnetic-field lines; therefore, the altitude variation in F-region

plasma motion is a direct mapping of the latitudinal variation in the

E-region electric field, To date, there are no indications of rapid

latitudinal variations in the E-region electric field.

More recently, Rishbeth (1971) proposed that an F-region dynamo

operates under nighttime conditions when the E layer no longer can pre-

STWEERRPIEIEF R, 51701 2 PN SR

vent F-region polarization electric fields from developing. An eastward
neutral wind in the equatorial F region would drive an upward-directed

ion Pedersen current. Because electrons are confined to motion along
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geomagnetic=-field lines, a polarization electric field will set up as a {
result of the charge scparation. The electric field, if not shorted by }

a conducting E layer, will drive the F-layer plasma eastward,

In the simplest case, the F-region dynamo electric field will
depend on altitude if (1) the E layer has a finite conductivity, and (2)
the F-layer Pedersen conductivity (integrated along geomagnetic-field

lines) depends on altitude (Zalesak et al,, 1980)., 1If the E-layer con-

ductivity is zero, the F layer will become fully polarized and drift
identifically with the neutral wind, independent of altitude (ec.g.,
Rishbeth, 1971)., 1If, however, a finite Pedersen current is allowed to
flow in the F layer with closure through a finitely conducting E layer
(via field-aligned currents), the polarization electric field will be
proportional to the F-layer Pedersen conductivity. The altitude varia-
tion in the electric field will, therefore, depend on the Pedersen con-
ductivity profile, The second rcquirement, that the F-layer Pedersen

conductivity is altitude-dependent, is obviously satisfied.

The first demonstration that the bulk-plasma motion might de-
3 pend on altitude, particularly around E-region sunset and during the

premidnight sector, was presented by Heelis et al., (1974). Their model

consisted of (l) the E-region dynamo driven by tidal winds and F-region

field-aligned currents, (2) the coupling of electric fields from E to F

regions (along geomagnetic field lines), (3) the Feregion dynamo driven

by both the neutral wind and E-region electric fields, and (4) the mapping

of lF-region ficld-aligned currents down to the E region (along geomagnetic
< field lines). Their iteration scheme for a self-consistent solution

consisted of initially assuming the field-aligned current to be zero.

The tidal electric field was then used to compute F-region ion motion

i . and current flow transverse to the geomagnetic ficld. The requirement
;ﬂ‘ that ¢ - ? = 0 was used to compute the field-aligned current. The H
E-region electric field was then recomputed allowing for the ncwly com-
L . puted field-aligned current. By this method, Heelis et al. (1974)
? 4 showed that a velocity shear (with altitude) in the east-west plasma mo-
;'f tion existed during this period. The velocity shear consisted of a resi-
v dual westward flow at low altitudes and an eastward flow at high altitudes,
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Experimental evidence supporting the theoretical model predic-

tion of a velocity shear by Heelis et al, (1974) has, thus far, been

very limited. Haerendel (1980) collected drift measurements of barium-
ion-cloud releases in the equatorial ionosphere and interpreted those

drifts in terms of a velocity shear in plasma flow. Kudeki et al. (1980)

used a radar interferometry technique, applied to the Jicamarca radar,
to show that a velocity shear existed in the east-west drift of equatorial
spread-F (ESF) irregularities in the lower F layer. And, Tsunoda (1981)*°
presented an example of velocity shear in ESF irregularity drift found
in time~sequenced backscatter maps obtained with the ALTAIR radar (Tsunoda
et al., 1979;° Towle, 1980). On the other hand, Woodman (1970, 1972),
using the Jicamarca radar, found no evidence that either the east-west

or vertical motions of the equatorial F-region plasma depended on altitude.

In this section, we present additional evidence that F~region
plasma flow after E-region sunset is characterized by a velocity vortex
pattern. Thw two-dimensional plasma flow pattern was constructed from
ESF backscatter and incoherent-scatter data collected with ALTAIR on
24 July 1979. ALTAIR measurements were made over a 1-1/2 hour period
on a single night, in contrast to the barium-cloud data used by Haerendel
(1980), which were collected over several years. The results verify the
importance of the F-region dynamo in equatorial plasma electrodynamics

and allow new interpretation of ESF backscatter generation processes,

2. Experimental Considerations

The ALTAIR radar and its system characteristics have been de=-

scribed in earlier papers (e.g., Tsunoda et al., 1979;° Towle, 1980);

therefore, a detailed description is not repeated here. Instead, we
briefly summarize the pertinent radar parameters and describe modifica-~
tions in ALTAIR operation that allowed collection of the data reported
in this paper.

ALTAIR is a dual-frequency radar that operates simultaneously
at 155.5 MHz (VHF) and 415 MHz (UHF). Its peak power and effective an-

tenna aperture together allow incoherent-scatter measurements to be made
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at both radar frequencies. Although data were collected for this experi-

ment at both frequencies, we present only data collected at 415 MHz.

This choice was made because the radar is slightly more sensitive at UHF i i

(using a 40-us pulse) than at VHF, and because ESF backscatter is about
10-~dB weaker at UHF than at VHF., Consequently, the use of UHF data pro-
vides a more accurate measure of the ionospheric electron-~density dis=-

3 tribution.

The experiment consisted of scanning the ALTAIR beam repeatedly
in the east-west direction. The scans were all made with the radar beam
directed perpendicular to the geomagnetic field at F-region altitudes.

As shown by Tsunoda et al. (1979),2 these scans provide incoherent=-

scatter measurements of the F-layer electron density in the absence of

ESF irregularities, and map the ESF irregularities under disturbed condi-
tions. Therefore, by operating ALTAIR before and during the development
of ESF, it was possible to map the ionospheric conditions that just pre-

ceded the development of ESF structure.

The scans differed from those previously reported (Tsunoda
et al., 1979;2 Towle, 1980) in that they were continuous (rather than
discrete) and significantly expanded in east-west extent, The continuous

scan allowed for improved angular resolution. The expanded angular width

of 120° (compared to 45° and 72° used previously) provided an east-west

coverage of over 1200 km (compared to 600 km) at an altitude of 400 km.

< 3. Results

In this section we extract the east-west plasma drift as a

function of altitude and time from a sequence of ALTAIR ESF backscatter

_i : maps. This information is then combined with the vertical plasma drift

; (assumed independent of altitude) obtained from ALTAIR incoherent-scatter

f ' measurements (and ionosonde data) to construct a two-dimensional plasma

i - flow pattern for the equatorial F-layer around E-region sunset, Although

1 d irregularity drift (i.e., that of ESF backscatter), in general, is not

;:f identical to bulk plasma motion, the differences are usually small enough "
i t that the qualitative flow pattern that is derived is reasonably descriptive

4
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of the real flow pattern. On the other hand, the vertical speed of ESF
irregularities is not a reliable tracer of vertical F-layer motion. The
growth velocity of backscatter plumes, for example, can be several times
the vertical velocity of the F layer (Tsunoda, 1981).*° For this reason,
we have resorted to estimating vertical velocities from incoherent-
scatter (and ionosonde) measurements. Vertical plasma transport esti-
mated from profile displacements as a function of time, although also
subject to error (because loss processes and distortion of the profile

must be accounted for), is sufficiently accurate for our purposes.

The sequence of ALTAIR backscatter maps from which the east=-
west plasma drift is extracted are presented in Figure 1. The data set
was obtained on 24 July 1979, from 0745 to 0915 UT (1855 to 2025 local
solar time). A detailed description of the same ALTAIR data set has al-

).ll

ready been presented by Tsunoda and White (1980 We therefore refer

the reader to that paper for a general description and other details,

and focus here on the plasma electrodynamics., The maps in Figure 1 are
stacked with the scan made earliest in time placed at the bottom and

that made last placed at the top. The contours represent constant back-
scatter strength (after range-squared correction) referenced to incoherent-
scatter levels. That is, the weakest backscatter contour (dashed curve)
corresponds in strength to equivalent incoherent scatter from an electron
density of 105 el/cm3. Other contours are given in 10-dB increments

above this value., (Although the contours are not labeled, the stronger

backscatter regions are, in most cases, concentric with the weaker ones.)

Fa N

To determine the east-west drift of F-region plasma as a func-
tion of altitude and time, we used the east-west displacement of various

backscatter features in the maps in Figure 1 and divided the displace=-

.,

ments by the corresponding time differences between successive measure-

e g N

ments of the same feature. To obtain velocity estimates at various alti=-

tudes, we used features such as electron-density contours (e.g., dashed
curve) in the bottomside F layer, bottomside ESF backscatter, and plume
. backscatter. The selected backscatter features are shown in Figure 1

connected by straight line segments between maps and labeled with letters

* a through m,
%
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The plasma drift velocities extracted from Figure 1 are plotted

in Figure 2, as a function of time. The horizontal bars bracket the

time over which each velocity measurement was made., Each bar is labeled
with a letter corresponding to the feature labeled in Figure 1. For
purposes of discussion, the high-altitude velocity estimates are drawn
with solid bars and the low-altitude velocity estimates are drawn with
broken bars. The altitudes corresponding to the cluster of bars in
Figure 2 labeled c through f are less clear. Bars e and f correspond

to low=altitude velocity estimates, Bar c¢ corresponds to an intermediate-

altitude velocity estimate, and Bar d to a high-altitude velocity estimate.

At first glance, the plasma drift velocities derived from back-
scatter features appear in Figure 2 to show large scatter with westward
or small eastward drifts at earlier times, and both large and small
castward drifts at later times. Two trends are, however, apparent after
closer examination, The trend associated with the low-altitude measurc-
ments starts with westward or small eastward drifts at early times, fol-
lowed by an increasing eastward velocity shortly after E-region sunset
(~ 0800 UT), and a decreasing ecastward drift thereafter. The trend asso-
ciated with high~altitude measurcments begins at a later time (the pres-
ence of plumes is required for measurement) and increases in eastward
velocity as a function of time. The striking feature is the divergence
of the high- and low~altitude velocities as a function of time beginning
around 0815 UT. The measurements that indicate the presence of a veloc-
ity shear with altitude are (1) the near-simultaneous measurecments of a
large eastward velocity at high altitudes and a small castward velocity
at low altitudes (i.e., Bars i and j, and Bars m, k, and £, in Figure 2),
and (2) the measurement of an actual westward drift at low altitudes

(Bar a).

For comparison, we have included in Figure 2 the mean hori-
zontal bulk plasma drift (dashed curve) determined by Woodman (1972)
using the Jicamarca incohrent~scatter radar. The curve is a hand-smoothed
running average of composite data collected over 12 days, and probably

representative of the altitude range from 300 to 450 km, ncar the peak
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q of the F layer. Woodman's curve is 50 m/s larger than our low-altitude
! results at early times and agrees well with our high-altitude results
: at late times. (The scatter of the high-altitude velocity estimates is

about %30 m/s about Woodman's curve.)

A two-dimensional plasma-flow pattern can be constructed if
we reorder the east-west velocity estimates shown in Figure 2 as a func=-

tion of altitude and time and include the vertical velocity component.

The variation of the vertical velocity, obtained from incoherent-scatter
and ionosonde measurements, is shown plotted as a function of time in
the upper panel of Figure 3. The upward velocity was nominally 40 m/s
for times prior to 0815 UT and virtually zero for the remaining period
of interest. The zero vertical velocity is based on estimates of alti-
* tude changes in the bottomside F-layer contours in the last two maps in
Figure 1. Ionograms taken during this period also suggest the existence

of a stable F layer between 0815 and 0930 UT.

The model of the bulk plasma motion as a function of altitude

and time is shown in the lower panel of Figure 3. The east-west and
‘ vertical velocity components have been combined and replotted at the
altitude and mean time of measurement; the velocity vector is represented
{ by the length and direction of the arrows. Stream lines have been sche-
3 matically added to suggest a flow pattern that is consistent with the
measurements, The westward and upward flow at low altitudes is suggested
by Points a and b, The reversal to an eastward flow at higher altitudes
< and later times is suggested by the measurements between 0815 and 0845 UT.
Finally, the closure of the stream lines at later times by a downward
plasma motion is inferred from the fact that the F layer is known to

descend within a few hours after sunset.

{ ;
;: The stream lines, as we have drawn them in Figure 3, suggest
J.i that the east~west flow reverses at an altitude of about 300 km. The

velocity shear with altitude, however, is not evident in the measurements

until after around 0830 UT. The length and direction of the arrows
shown in Figure 3, between 0815 and 0830 UT, is nearly uniform from the
330-km to the 500~km altitude. After 0830 UT, the differences in the
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velocities are significant., This result indicates that the velocity
shear developed shortly after E-region sunset (~ 0800 UT), which is con-
sistent with the concept that the F-region dynamo produces the velocity

shear.

Comparing our results to the model predictions by Heelis et al.

(1974), we find good agreement in the time of velocity-shear development,
but not in the altitude where the horizontal velocity reverses. Heelis
et al. (1974) showed (see their Figure 9) a buildup in velocity shear
sometime between 1800 and 2300 local times, as compared to our observa-
tion for shear onset time of 0830 UT, or 1940 local solar time. The
altitude of horizontal velocity reversal, however, was located at around
the 220-km altitude, as compared to our 300-km altitude., This discrep-

ancy is discussed in the next section,

4, Discussion and Conclusions

We have shown that by using the east-west drift of ESF irregu-~
larities as tracers for bulk plasma motion and combining this information
with altitude displacements of F-layer electron-density profiles, we can
construct a two-dimensional, F-region plasma-flow model. Furthermore,
the flow pattern constructed from data collected around E=-region sunset
resembled a vortex. The vortex flow pattern in Figure 3 is qualitatively
consistent with the measurements published by Woodman (1970, 1972). By
combining his east-west and vertical velocity measurements, we obtain a
velocity vector that rotates clockwise from westward and upward during
the day, to eastward and downward during the night., This pattern of
velocity vector rotation agrees with the vortex model in Figure 3 at an

altitude of around 400 km, the approximate altitude of his measurements.

A discrepance was found, however, in the more quantitative
comparison between Woodman's curve of mean east-west plasma drift (Woodman,
1972) and our results in Figure 2. As discussed in the previous section,
Woodman's curve was approximately 50 m/s higher than our low-altitude
velocity estimates at early times. This difference can be attributed

to the fact that Woodman's curve reverses from westward to eastward drift
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and White, 1980).'' Other factors being equal, this difference would

at a much earlier time (~ 1630 local time) than was observed in the
ALTAIR results (see Figure 2). Similar differences were noted by Balsley
(1973) when he compared the same Jicamarca results with various other
measurements. All the other measuremeats (which included barium-ion-
cloud drift and spaced-receiver drift techniques) showed reversal times
close to 2000 local time, which is in reasonable agreement with our re-
sults. Because the east-west drift shows a very consistent behavior
from day to day (Woodman, 1974) and appears to be virtually independent
of season, solar cycle, and magnetic activity (Fejer et al., 1979), the

difference in reversal time cannot be easily attributed to those factors.

The discrepancy in the shear reversal altitude (mentioned in

the previous section) between our results and the model of Heelis et al.

(1974) can probably be attributed to their choice of ionospheric model

parameters. Heelis et al, (1974) used an electron density profile with

a peak altitude that ranged from 350 km down to 300 km, The peak of the

F layer for our data set was closer to an altitude of 500 km (Tsunoda

shift their velocity shear pattern upward in altitude. Another factor,
not included in their model computation, is the plasma density distribu-

tion governed by the F-region continuity equation (which must be solved 7
simultaneously with the dynamical equations). Tsunoda (1980)% has shown
that the plasma density distribution can vary significantly in the pre-

midnight sector with latitude and altitude.

Having demonstrated that a velocity vortex develops in F~region
plasma flow around E-region sunset, we now consider its impact on ESF
backscatter plume development. As seen in Figure 1 and described by

Tsunoda and White (1980),ll the same data set used here corresponded to

a time during which ESF backscatter was in its growth phase (Tsunoda,
1981).}° Tsunoda (1981)'° proposed a model for backscatter plume genera-
tion that called for an eastward neutral wind to blow through the west
wall of local altitude-modulated regions in the bottomside F layer.

(The wave structure seen in the bottom panel of Figure 1 is an example

of this altitude modulation.) The effectiveness of the model depends

on the magnitude of the velocity difference between the neutral gas and
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the F-region plasma., Tsunoda (1981)'° found evidence of velocity shear
in one of his examples and speculated that a velocity shear would act

to enhance the effectiveness of his model. His speculation is partly
verified here by the demonstration that a velocity shear does exist.
Verification of his model is completed in a future paper in which we
show that the neutral wind was indeed large and directed eastward during

the same time period.

Another question into which we now have better insight is,

what is the source mechanism for 'valley spread F?" Woodman and La Hoz

(1976) observed backscatter from low altitudes corresponding to the

valley region of the ionosphere. Tsunoda et al. (1979)% presented an

example of valley spread F observed with ALTAIR. The radar signature
for valley spread F, at least as observed with ALTAIR, can be seen in
« the top two maps in Figure 1. The radar signature is a horizontally
oriented backscatter layer that protrudes from the east wall of the west
: crest (i.e., the feature labeled £). In this example, it is located at

an altitude of about 375 km. In the example presented by Tsunoda et al.

(1979),2 the backscatter layer was at a lower altitude, around 225 km.
‘ These features can be explained by the "pulling" of plasma out of the

east wall of an altitude-modulated region by the velocity shear.
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IV DISCUSSION AND CONCLUSIONS

The ALTAIR and TRADEX results summarized in the previous section
indicate that ESF irregularities with spatial wavelengths less than the
ion gyroradius (approximately 6 m in the nighttime equatorial F layer)
are spatially collocated with plasma bubbles--i.e., local depletions in
F-region plasma density. This spatial collocation is consistent with
the hypothesis that the lower-hybrid-drift (LHD) instability is the
source mechanism for these small-scale, field-aligned irregularities

(Huba et al., 1978; Sperling and Goldman, 1980; Huba and Ossakow, 1981).

For example, the LHD instability requires a mean plasma density of less
than 105 el/cmj for gradient scale lengths around 50 m (Sperling and
Goldman, 1980).

By interpreting ESF backscatter plumes mapped by ALTAIR in terms of
{ plasma-depleted regions we were able to follow, for the first time, the
temporal evolution of plasna bubbles, Plasma bubble development in the

nighttime equatorial ionosphere was shown to generally follow the numeri-

cal simulations of the nonlinear, collisional Rayleigh-Taylor instability

(c.g8., Ossakow et al,, 1979; Zalesak and Ossakow, 1980). That is, bubbles

were generated in the bottomside F layer and developed upward, penetrating
into the topside F layer. A more realistic description of plasma bubble
< evolution, however, appears to require the effects of (1) an eastward
neutral wind in the reference frame of the F-region plasma, (2) a velocity

shear (with altitude) in the east-west plasma drift, and (3) a generalized

]

‘i . gradient-drift instability that includes the Rayleigh-Taylor instability
, .
v - as the gravitational force term in the dispersion relation.

A descriptive model of plasma bubble evolution that incorporates

; A the above factors is presented in Figure 4, A plasma bubble is initiated
f" in the bottomside F layer where there is a local altitude modulation (or
i : upwelling) in the plasma-density contours. Such an upwelling is shown

d in Figure 4(a). [he development of the upwelling, shown in Figure 4(b),
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is usually upward and westward. The tilt angle is dependent on the
ratio of the velocity components in the x (up) and y (east) directions,
The upward velocity component is proportional to g/vin (where g = gravi-
tational acceleration, and Yin = ion neutral collision frequency) and an
eastward electric field, if any. The westward velocity component is
proportional to the relative velocity between the neutral gas and the
F-region plasma. A plasma bubble eventually develops from the peak of
the upwelling and penetrates into the topside of the F layer, as shown
in Figure 4(c¢). The plasma bubble will continue to push upward until
the plasma density inside the bubble becomes identical to that outside

the bubble, as shown in Figure 4(d).

Plasma structuring occurs not only in the form of the bubble but
also along the west wall of the upwelling, as shown in Figure 4(c). The
structure there (labeled G-D) is produced via the gradient-drift insta-
bility by an eastward neutral wind blowing through the west wall of the

upwelling. The structuring rate is rapid at lower altitudes where the

plasma drift is small or even westward (see Section III-E), thus resulting

in a large slip velocity. (The direction of structure alignment differs
at low altitudes from the plasma bubble because of the velocity shear
with altitude.) The continued structuring of the west wall is shown in
Figures 4(d) and 4(e). Structure can also develop along the east wall
of the plasma bubble at high altitudes. Structuring there (labeled R-T)
occurs via the collisional Rayleigh-Taylor instability because g/vin is
large and there is an upward component in plasma density gradient. Be-
cause the west wall is a direct analog of barium ion clouds, we expect

striations in the form of 'rods" to develop through a "pinching off"

process, as shown in Figure 4(e).

Evidence that the slip velocity is large along the west wall of an

upwelling was presented in Section III-E. We showed that the difference i

plasma drift velocity between high and low altitudes can be on the order
cf 100 m/s. The slip velocity is also of that order because the neutral
wind is slightly faster than the high-altitude plasma drift (Rishbeth,
1971). If we assume the low-altitude F-region plasma to be motionless

(as in the example presented in Section III-E), the slip velocity will be
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that of the neutral wind. Sipler and Biondi (1978) have shown that the

2! F-region neutral wind velocity is above 100 m/s for two to four hours in

the premidnight sector,

The direct analogy found between the west wall of an upwelling in
the equatorial F layer and a barium ion cloud suggests that some of the

nuclear phenomenology questions addressed with barium ion cloud experi-

T TR S W

ments can also be investigated (perhaps to advantage) at the equator.
For example, a problem of DNA interest is the "freezing phenomena" ob-

served in barium ion cloud striations. The problem is, why do gradient=-

L

drift-driven structures not continue to bifurcate beyond a certain mini-

mum scale size? A direct approach to the solution is to observe stria-

. tion development over a long period of time,

A comparison of available observation time for barium cloud experi-
ments and ESF experiments shows that striation development can be viewed
for a longer period of time with ESF experiments. The longest optical
observation of barium ion cloud structure lasted less than two hours
after the time of release (D. R. McDaniel, personal communication, 1981).
In the ESF case, because of the confined direction of movement (i.e.,

. eastward), all structure that develops to the west of the observing site
will eventually pass overhead of that site. Therefore, ESF structure of
any age can be observed from one site. Because the neutral wind exceeds
100 m/s for a period of 2 to 4 hours on any given night, we can expect

strongly driven gradient-drift structures to evolve over a similar period

v . i
b of time., Consequently, we would expect to be able to observe striations
in the west walls of upwellings that are as old as 4 hours,
,1 In order to estimate the age of an ESF structure, we would want to
; ; monitor its time evolution. We have already shown that this is possible
».

with ALTAIR. 1In 1979, ALTAIR was scanned over a 120° angular sector,
equivalent to a *600 km east-west coverage at F-region altitudes. At
100 m/s eastward drift, a plume that develops 600 km west of ALTAIR will
arrive over ALTAIR 100 minutes later. The structure in the west wall of

the associated upwelling should be at least 100 minutes old, comparable

to the longest observation period for ion cloud structure.
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Estimates of the age of older structure can be made by placing another
backscatter radar to the west of ALTAIR. For example, if a radar is lo-
cated at Eniwetok, 500 km west of ALTAIR, the sector coverage can be ex-
tended from 600 km to 1000 km (or more) west of ALTAIR. At this distance,
the plumes detected 500 km west of Eniwetok will arrive over ALTAIR 167
minutes later. Selection of radar sites further to the west would result
in estimates of older striations, If an accurate measurement of striation
age is not required, we can estimate the age of the striation from its
local time of appearance. This is possible because plumes are typically
generated around E-region sunset, For example, plumes arriving over
ALTAIR in the midnight sector should be approximately 4 hours old. An
example of such a plume would be that into which the PLUMEX I rocket was
launched, In fact, spectral characteristics obtained from the rocket in-

1

situ measurements contain features that might be associated with '"freezing'

(Rino et al., 1981).

The results discussed above can also be used to determine the spa=-
tial relationships of plasma bubbles, ALTAIR backscatter, and scintillation-
producing irregularities. We already know that ALTAIR backscatter is
spatially coincident with plasma bubbles. Or, the backscatter is asso-
ciated with steep gradients found in low-plasma density regions--e.g.,
bubbles, walls, or larger-scale irregularities embedded in the bubble
volume. The relationship to be determined, then, is that between ALTAIR

backscatter (or bubbles) and scintillation-producing irregularities.

We begin the analysis by assuming that the scintillation-producing
irregularities are cylindrical rods with a Gaussian plasma density vari-
ation transverse to the geomagnetic field, If we define the gradient
scale length as L = N(VN)-l, L is equal to one~fourth the transverse (l/e)
width, W, of the rod., The scale size that dominates intensity scintilla-
tion is close to the Fresnel radius., For a geostationary satellite, the
Fresnel radius at 300 MHz is 178 m, For the Wideband satellite, the cor=-
responding Fresnel radius is 150 m. The gradient scale length for both
cases is about 50 m, Therefore, as noted earlier, the LHD instability
requires a mean plasma density of less than 105 el/cm3 for a gradient

scale length of around 50 m.
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On the basis of the above arguments, we would expect ALTAIR back-
scatter to be associated with scintillation-producing irregularities em-
bedded in a mean plasma density of 105 el/cm3, or less, This restriction
implies spatial coincidence of backscatter and scintillation-producing
irregularities only along the bottomside F layer and within the upwelling.
Scintillation-producing irregularities embedded within the west wall of
the upwelling in higher plasma density regions will not be accompanied
by ALTAIR backscatter. Also, because scintillations will be proportional
to the background plasma density, the stronger scintillations should be
associated with the higher plasma density regions., On this basis, a
careful examination should reveal that scintillations are displaced to

the west of backscatter regions near the west wall of an upwelling.

In conclusion, the ALTAIR project has unscrambled the apparent com-
plexities of equatorial spread F and demonstrated that the collisional
Rayleigh-Taylor instability is a dominant source mechanism initiating
the structuring process, in the form of plasma bubbles. The analysis
has also revealed that the west wall of upwellings originating in the
bottomside F layer is directly analogous to barium ion clouds and that
the structuring there is dominated by the gradient-drift instability,
driven by the neutral wind. With these discoveries as a foundation, it
is now possible to intelligently pursue DNA-relevant problems in nuclear
phenomenology-~in particular, structuring processes driven by the gradient=-

drift instability.

There are certain advantages to equatorial spread F as a natural
simulator of gradient-drift-driven structures. As discussed above, the
"freezing" phenomenon observed in barium clouds is more amenable to
study at the equator, Because the disturbance is naturally produced, a
rocket need not be dedicated to seeding, as in the barium case. As a
result, only rockets with diagnostic payloads are required. The multiple
occurrence of bubbles (or radar plumes) on a given night and their re-
occurrence from night to night would allow selective criteria that would

ensure program success.

The role of ESF phenomenon as a testbed for investigating gradient-

drift-driven structures should actually be thought of as complementing
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the role of barium clouds, For example, barium clouds are usually only

a few kilometers in size. Equatorial upwellings are a few hundred kilo=-
meters in size, Also, equatorial spread F is always associated with
small E-region conductivities. Barium clouds can be coupled to E regions
of varying conductivities by selecting the location of the releases.,
Equatorial spread F involves entire magnetic flux tubes and can there-
fore be considered as two-dimensional structures. On the other hand,
barium clouds are local perturbations that are perhaps more three-
dimensional in nature, Differences observed in structure development in

the two cases would help us to further understand the ramifications of

gradient-drift-driven structures in a nuclear environment.
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